Attorney Docket No. 10059.369U1 (P20799-02) 
Express Mail Label No. EL916936831US 



TITLE OF INVENTION 
[0001] Polymer Electrolyte Fuel Cell 

CROSS-REFERENCE TO RELATED APPLICATIONS 
5 [0002] This is a division of copending U.S. Patent Application No. 09/719,664, filed December 
15, 2000, which was a § 371 of PCT/JP 99/03123, filed June 10, 1999. 

BACKGROUND OF THE INVENTION 
[0003] The present invention relates to a fuel cell comprising a polymer electrolyte for use in 
portable power sources, power sources for electric vehicles, cogeneration systems for home and the 
10 like and a method for producing the same. More specifically, the present invention relates to an 
electrode for a fuel cell. 

[0004] A fuel cell using a polymer electrolyte is an electrochemical device for generating 
electric power and heat at the same time by electrochemically reacting a fuel gas containing 
hydrogen with an oxidant gas containing oxygen such as air. 

15 [0005] In constructing such a fuel cell, first, catalytic reaction layers mainly composed of a 

carbon powder with a platinum group metallic catalyst carried thereGirare formed on both sides of a 
polymer electrolyte membrane which transfers selectively a hydrogen ion. Next, on the outer 
surfaces of the catalyst layers, a pair of gas diffusion layers having both fuel gas permeability and 
electronic conductivity are formed, and each electrode is formed in combining one of the gas 

20 diffusion layers with one of the catalytic reaction layers. Thus, the electrodes and the polymer 
electrolyte membrane are primarily configured in one unit. This is called membrane electrode 
assembly (hereinafter, this is also referred to as "MEA"). In order to avoid leaking outside of 
supplied fuel gas or oxidant gas, or mixing of the two kinds of gases together, a gas seal material or 
a gasket is placed in the circumference of the electrodes so that they sandwich the polymer 

25 electrolyte membrane. Then, a large number of MEA's are laminated with electroconductive 

separator plates interposed between each thereof, and thereby a fuel cell as so-called laminated cell 
is configured. 

[0006] Next, the catalytic reaction layers in the electrodes of the fuel cell will be described. The 
carbon powder with metallic catalyst carried thereon is in the form of particle falling in the range of 
30 several hundred angstroms to several microns. By using a mixture of this carbon powder and a 
dispersion of a polymer electrolyte, a catalytic reaction layer having a thickness of 30 to 100 
microns is formed between the electrode and the solid electrolyte membrane by a coating process 



such as printing or the like. In this catalytic reaction layers, electrochemical reaction of the fuel gas 
and the oxidant gas proceeds. 

[0007] For example, in the anode where hydrogen reacts, hydrogen gas is supplied to the 
electrode surface through a fuel gas supply path notched in the separator plate. The electrode is 
5 usually made of a gas-permeable electroconductive material such as carbon paper or carbon cloth, 
and hydrogen gas can reach the catalytic reaction layer by permeating the electrode. Onto the 
surface of the catalyst carrying carbon powder, a polymer electrolyte formed with a dried and 
solidified solution of the polymer electrolyte adheres. In a so-called three phase zone constituted by 
a vapor phase containing hydrogen gas, a solid phase of the catalyst carrying carbon powder, and a 

10 phase of the polymer electrolyte, all of which being close to each other, the hydrogen gas is oxidized 
to become hydrogen ions and is discharged into the polymer electrolyte. The electron generated by 
oxidation of the hydrogen gas moves to an outside electric circuit passing through the 
electroconductive carbon powder. This electrochemical reaction progresses in a broader area 
because of the hydrogen gas dissolved in the polymer electrolyte. The thickness of the catalytic 

15 reaction layer is varied according the production process thereof; however, in order to obtain a good 
cell performance, the catalytic reaction layer is usually designed to have a thickness of 30 to 100 
microns. 

[0008] (1) Utilization rate of the catalyst in the catalytic reaction layer 

[0009] Within the catalytic reaction layer, however, the area which contributes to the actual 

20 electrode reaction is considered only a part of 20 microns thick in contact with the polymer 

electrolyte membrane. This is because the generated hydrogen ion has a difficulty in reaching the 
polymer electrolyte membrane. Also, in the condition where the catalyst carrying carbon powder is 
not in electrical contact with other carbon powder or with the electroconductive electrode, although 
the hydrogen ion can easily move, the electron is prevented from moving to the outside circuit. As a 

25 result, there has been a problem that the catalytic reaction layer formed by coating comes to the state 
where a large part thereof does not contribute to the electrode reaction, which impairs its 
performance, and therefore a large quantity of platinum is needed for recovering its performance. 
[0010] As a consequence, it is desired to improve the catalytic reaction layer and make the 
platinum catalyst effectively contribute to the electrode reaction, thereby to improve the utilization 

30 rate of the platinum catalyst. 

[0011] (2) Contact resistance between the catalytic reaction layer and the gas diffusion layer 
[0012] The electrode for use in the polymer electrolyte fuel cell is produced by forming catalytic 
reaction layer comprising a noble metal carrying carbon powder on electroconductive porous 



electrode supporting material serving as gas diffusion layer. As the porous electroconductive 
supporting material, a carbon paper, a carbon cloth or the like made of carbon fiber or the like is 
used. These electrodes are generally formed on the supporting materials by means of screen 
printing process or transcription process with a noble metal carrying carbon fine powder prepared 
5 into an ink using an organic solvent such as isopropyl alcohol. 

[0013] In recent years, in the viewpoint of workability, inks for electrodes using aqueous 
solvents in place of organic solvents have been proposed. However, when these methods are used, a 
part of the noble metal carrying carbon powder serving as the catalyst in the electrode penetrates 
into the electrode supporting material, which constitutes the gas diffusion layer. For this reason, 

10 measures are required such as using a relatively large amount of electrode catalyst, or maintaining 
electroconductivity in the contact surface between the gas diffusion layer and the catalytic reaction 
layer by increasing cramping pressure of the cell. Alternatively, a method in which the electrode 
catalyst layers are primarily applied and formed on the polymer electrolyte membrane has been 
proposed. These electrodes and the polymer electrolyte membrane are bound to each other by 

15 means of hot-pressing or the like. 

[0014] As described above, in the polymer electrolyte fuel cell, it is strongly required not only to 
increase the utilization rate of the catalyst in the catalytic reaction layer but also to decrease the 
contact resistance between the carbon paper or the carbon cloth, which constitutes the gas diffusion 
layers, and the catalytic reaction layers. 

20 [0015] (3) Reaction efficiency between the polymer electrolyte and the catalyst 

[0016] In the electrode as constituent of a polymer electrolyte fuel cell, the surface area of a so- 
called three phase zone, which is formed by a micropore serving as a supply path for the reaction 
gases (fuel gas and oxidant gas), the hydrogen ion conductive polymer electrolyte, and the electronic 
conductive electrode supporting material, is an important factor, which influences the discharge 

25 characteristic of the cell. 

[0017] Conventionally, with an aim to enlarge this three phase zone, attempts have been made to 
provide, on the interface between the polymer electrolyte membrane and the porous electrode 
supporting material, a layer comprising a material which constitute the electrode supporting material 
and the polymer electrolyte, mixed with each other and dispersed. For example, in the technique 

30 described in Japanese Patent Publications No. Sho 62-61 1 18 and Japanese Patent Publication No. 
Sho 62-61 1 19, a method is disclosed in which a mixture of a polymer electrolyte dispersion and a 
catalyst compound is applied on the polymer electrolyte membrane, and this is hot-pressed with the 
electrode supporting material and subsequently the catalyst compound is reduced. Also suggested is 



a method in which, after a catalyst compound is reduced, this is applied onto an electrolyte 
membrane and hot-pressed. 

[0018] Further disclosed in Japanese Patent Publication No. Hei 2-48632 is a method in which, 
after porous electrode supporting material is molded, a solution containing a dispersed resin, which 
5 constitutes an ion exchange membrane, is sprinkled onto the electrode supporting material and these 
electrode and the ion exchange membrane are hot-pressed. Still further, a powder comprising a 
polymer resin powder with a polymer electrolyte applied on the surface thereof is proposed in 
Japanese Laid-Open Patent Publication No. Hei 3-184266 and a method of mixing a powder of a 
polymer electrolyte into the electrode is proposed in Japanese Laid-Open Patent Publication No. Hei 

10 3-295172, respectively. Moreover, a method of mixing a polymer electrolyte, a catalyst, a carbon 
powder, and a fluorocarbon resin and forming them into a membrane for use as the electrode is 
disclosed in Japanese Laid-Open Patent Publication No. Hei 5-36148. In the above techniques, 
alcohol is used as a solution for forming a polymer electrolyte in the electrode. 
[0019] Also disclosed in U.S. Patent No. 5,21 1,984 is a method of preparing a dispersion in the 

15 form of an ink by dispersing a polymer electrolyte, a catalyst and a carbon powder in glycerin or 
tetrabutyl ammonium salt as a solvent, applying and forming the dispersion on a film made of 
polytetrafluoroethylene (hereinafter, this is referred to as "PIPE") and subsequently transcribing this 
film onto the polymer electrolyte membrane surface. Further reported is a method of replacing an 
exchange group of the polymer electrolyte membrane with a substituent group of Na type, applying 

20 the ink-like dispersion as described above onto the surface of this membrane, heating and drying the 
same at a temperature of 125 °C or higher, and replacing again the exchange group with H type. 
[0020] On the other hand, in order to realize a high output density, which is a feature of the 
polymer electrolyte fuel cell, it is important to form a supply path (gas channel) for the reaction gas 
in the catalytic reaction layer and improve permeability and diffusion abilities of the gas. Thus, 

25 attempts have been made to add a water repellent material such as a fluorocarbon resin to the 

catalyst reaction layer thereby to form a gas channel. For example, in Japanese Laid-Open Patent 
Publication No. Hei 5-36418, proposed is a method of forming a catalyst layer by dispersing PTFE 
powder and a catalyst carrying carbon powder in a solution of a polymer electrolyte and kneading 
the dispersion. Also proposed in Japanese Laid-Open Patent Publication No. Hei 4-264367 is 

30 forming an electrode by using a mixture of a catalyst carrying carbon powder and a colloidal 
dispersion of PTFE. 

[0021] Further, in /. Electroanal. Client 197: 195 (1986), a method is proposed for forming a gas 
diffusion electrode for acid electrolyte solution by mixing a carbon powder subjected to water 



repellency treatment with PTFE with a catalyst carrying carbon powder. On the other hand, in U.S. 
Patent No. 5,21 1,984, a method is proposed for forming a catalyst layer in the electrode only with a 
polymer electrolyte, a catalyst and a carbon powder without using a water repellent material as 
described above. 

5 [0022] However, when a catalyst carrying carbon powder and a water repellent material such as 
a fluorocarbon resin or the like, or a carbon powder subjected to water repellency treatment are 
added at the same time into a dispersion of a polymer electrolyte, a large quantity of polymer 
electrolyte is adsorbed onto the water repellent material or the carbon powder subjected to water 
repellency treatment. At this time, larger the amount of the polymer electrolyte adsorbed onto the 

10 carbon powder, the degree of contact between the polymer electrolyte and the catalyst becomes less 
uniform and less sufficient, and as a result, there has been a problem that sufficient reaction area 
cannot be secured in the interface between the electrode and the ion exchange membrane. 
[0023] Also, when a dispersion using an alcoholic solvent is applied onto a porous supporting 
material in the form of a plate, or the above ink-like dispersion is applied onto a porous supporting 

15 material, the dispersion penetrates or permeates into the inside of the supporting material. For this 
reason, the dispersion cannot be formed directly onto the surface of the supporting material and a 
complicated processing technique such as transcription and the like has been required. Further, in 
the method of directly applying the ink-like dispersion onto the above-mentioned membrane, a 
complicated producing technique of exchanging a substituent group of the membrane many times 

20 has been required. In addition, in the method of adding a fluorocarbon resin described above, there 
has been a problem that a catalyst fine powder is coated in excess by the fluorocarbon resin thereby 
to reduce reaction surface area, which impairs polarization characteristics. 

[0024] On the other hand, as disclosed in aforementioned 7. Electroanal. Chem. 197:195 (1986), 
when a carbon powder subjected to water repellency treatment with PTFE is used, a phenomenon 

25 that the catalyst particle is coated with PTFE can be suppressed. However, in this proposition, 
addition of a carbon powder subjected to water repellency treatment when using a polymer 
electrolyte and the effect thereof in respect to the addition amount have not been studied. 
[0025] Furthermore, production of electrode only with a catalyst carrying carbon powder and a 
polymer electrolyte has presented a problem that water generated inside a fuel cell causes a so-called 

30 flooding phenomenon and operation of the cell at a high current density lowers the cell voltage and 
thus makes it unstable. 
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[0026] As a consequence, in order to permit a better performance of the cell, it has been desired 
to increase the reaction surface area inside the electrode by bringing the polymer electrolyte and the 
catalyst into contact with each other sufficiently and uniformly. 

[0027] In addition, it has also been desired to provide a polymer electrolyte fuel cell that 
5 exhibits high performance even when operated at a high current density by forming a hydrogen ion 
channel and a gas channel without excessively coating the catalyst by addition of a fluorocarbon 
resin thereby improving gas permeability of the electrode. 
[0028] (4) Improvement of the catalytic reaction layer 

[0029] The polymer electrolyte used for existing polymer electrolyte fuel cells exhibits the ion 

10 conductivity required when it is moist enough with water. On the other hand, the electrode reaction 
as a cell is a water- generation reaction in the three phase zone of the catalyst, the polymer 
electrolyte and the reaction gas, and if water vapor in the supplied gas or water generated by the 
electrode reaction is not discharged promptly and remains inside the electrode or the gas diffusion 
layer, gas diffusion is suppressed, thereby impairing the characteristics of the cell. 

15 [0030] In such a viewpoint, in the electrode for use in polymer electrolyte fuel cells, measures 
are taken to facilitate moisturization of the polymer electrolyte and discharge of water. For 
example, as described above, generally employed electrode is one formed with a noble metal 
carrying carbon powder serving as the catalytic reaction layer on a porous electroconductive 
electrode supporting material serving as the gas diffusion layer. As the porous electroconductive 

20 supporting material, a carbon paper or a carbon cloth made of carbon fiber is used. In general, the 
porous electroconductive supporting material is primarily subjected to water repellency treatment 
using a dispersion of PTFE material or the like to facilitate prompt discharge of water generated by 
the electrode reaction, maintaining the polymer electrolyte membrane and the polymer electrolyte in 
the electrodes in suitably moist condition. As an alternative for this is employed a method for 

25 discharging excessively generated water in the catalytic reaction layer by mixing a carbon powder 
subjected to water repellency treatment into the catalytic reaction layer. 
[0031] However, the above-mentioned technique has presented a problem that, although 
discharge of water in the gas diffusion layer is facilitated, discharge of water in the catalytic reaction 
layer and gas diffusion to the catalytic reaction layer are deteriorated, and particularly the 

30 characteristics of the cell are impaired when the air utilization rate is high or when discharged at a 
large current. 

[0032] Further, when a carbon subjected to water repellency treatment with PTFE dispersion 
particles of submicron order is introduced in the catalytic reaction layer, a large amount of the 



polymer electrolyte in the catalyst reaction layer is adsorbed onto the carbon powder subjected to 
water repel lency treatment, as previously described, and there has been a problem that the degree of 
contact between the polymer electrolyte and the catalyst fine particle is insufficient and not uniform, 
or the catalyst particle is coated with PTFE, making it impossible to secure sufficient three phase 
5 zone. Moreover, there has been another problem that, if the catalyst carrying carbon particle is 
water repellent, the condition of the polymer electrolyte in the polymer electrolyte membrane and 
the catalytic reaction layer shifts from moist condition to dry condition, thereby deteriorating the 
characteristics of the cell. 

[0033] As a consequence, an electrode with high performance designed such that water does not 
10 stay in the catalytic reaction layers and also the polymer electrolyte is maintained in a suitably moist 
condition are demanded. 

BRIEF SUMMARY OF THE INVENTION 
[0034] Thus, an object of the present invention is to solve the above-described problems by 
controlling the constitution of the electrodes in a fuel cell thereby to improve the efficiency of the 

15 electrode reaction in a polymer electrolyte fuel cell. 

[0035] The present invention relates to a polymer electrolyte fuel cell comprising a polymer 
electrolyte membrane and a pair of electrodes having each a catalytic reaction layer and a gas 
diffusion layer, the above polymer electrolyte membrane being disposed between the pair of 
electrodes, wherein a part of a carrier, which carries a catalyst particle, in the above catalytic 

20 reaction layer penetrates in the inside of the above polymer electrolyte membrane. 

[0036] It is effective that the above-mentioned carrier is a needle-shaped carbon fiber. 
[0037] Further, the present invention relates to a polymer electrolyte fuel cell comprising a 
polymer electrolyte membrane, a catalytic reaction layer, and a pair of electrodes having each a 
catalytic reaction layer and a gas diffusion layer, the above polymer electrolyte membrane being 

25 sandwiched by the pair of electrodes, wherein the fuel cell further comprises a layer comprising an 
electroconductive fine particle between the above catalytic reaction layer and gas diffusion layer. 
[0038] In this case, it is effective that a part of the layer comprising an electroconductive fine 
particle penetrates into the gas diffusion layer. 

[0039] Also, it is effective that an average primary particle diameter of the above 
30 electroconductive fine particle is 10 to 100 nm. 
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[0040] Further, it is effective that the materials of the electroconductive fine particles, which 
constitute the layers comprising a conductive fine powder, are different on both sides of the polymer 
electrolyte membrane. 

[0041] Still further, it is effective that the above electroconductive fine particle is selected from 
5 the group consisting of an electroconductive fine particle made of carbon, an electroconductive fine 
particle made of metal, an electroconductive fine particle made of a carbon-polymer composite and 
an electroconductive fine particle made of a metal-polymer composite. 

[0042] It is effective that the above carbon-polymer composite is a carbon powder with PTFE 
adhered thereon. 

10 [0043] It is effective that the PTFE content of the layer comprising an electroconductive fine 
particle falls in the range of 5 to 75% by weight. 

[0044] Moreover, the present invention relates to a polymer electrolyte fuel cell comprising a 
polymer electrolyte membrane and a pair of electrodes having each a catalytic reaction layer and a 
gas diffusion layer, the above polymer electrolyte membrane being sandwiched by the pair of 

15 electrodes, wherein at least either surface of a catalyst particle or a carrier, which carries the catalyst 
particle, in the catalytic reaction layer has a hydrogen ion diffusion layer. 
[0045] It is effective that the above hydrogen ion diffusion layer is formed by chemically 
bonding a silane compound to at least either surface of the catalyst particle or the carrier, which 
carries the catalyst particle. 

20 [0046] It is effective that the above hydrogen ion diffusion layer comprises an organic 

compound having a basic functional group and a hydrogen ion conductive solid electrolyte, and that 
the above organic compound modifies at least either surface of the catalyst particle or the carrier, 
which carries the catalyst particle. 

[0047] In this case, it is effective that the above basic functional group contains a nitrogen atom 
25 having a lone pair. 

[0048] Also, it is effective that the above organic compound having a basic functional group is a 
silane compound. 

[0049] Further, it is effective that the above silane compound has a functional group capable of 
dissociating a hydrogen ion. 
30 [0050] Still further, it is effective that the above silane compound has at least one of a 
hydrocarbon chain and a fluorocarbon chain. 

[0051] Moreover, it is effective that the above silane compound is chemically bonded to at least 
either surface of the catalyst particle or the carrier, which carries the catalyst, via at least one 



functional group selected from the group consisting of phenol hydroxide group, carboxyl group, 
lactone group, carbonyl group, quinone group and anhydride carboxylic acid group. 
[0052] In addition, the present invention relates to a polymer electrolyte fuel cell comprising a 
polymer electrolyte membrane and a pair of electrodes having each a catalytic reaction layer and a 
5 gas diffusion layer, the above polymer electrolyte membrane being sandwiched by the pair of 

electrodes, wherein the above catalytic reaction layer contains at least a catalyst body comprising a 
hydrophilic carbon material with a catalyst particle carried thereon and a water repellent carbon 
material. 

[0053] In this case, it is effective that a hydrophilic layer is chemically bonded to at least a part 
10 of the surface of the catalyst particle. 

[0054] Further, it is effective that the above catalyst body is selectively disposed on the polymer 
electrolyte membrane side and the water repellent carbon material on the gas diffusion layer side, 
respectively in the catalytic reaction layer. 

[0055] Still further, it is effective that the above water repellent carbon material has a 
15 monomolecular layer formed by chemically bonding a silane coupling agent having a hydrophobic 
moiety to at least a part of the carbon material surface. 

[0056] Moreover, it is effective that the hydrophilic carbon material has a layer formed by 
chemically bonding a silane coupling agent having a hydrophilic moiety to at least a part of the 
carbon material surface. 

20 [0057] In addition, it is effective that the above silane coupling agent is chemically bonded to 
the above carbon material surface via at least one functional group selected from the group 
consisting of phenol hydroxide group, carboxyl group, lactone group, carbonyl group, quinone 
group and anhydride carboxylic acid group. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
25 [0058] The foregoing summary, as well as the following detailed description of the invention, 
will be better understood when read in conjunction with the appended drawings. For the purpose of 
illustrating the invention, there are shown in the drawings embodiments which are presently 
preferred. It should be understood, however, that the invention is not limited to the precise 
arrangements and instrumentalities shown. In the drawings: 
30 [0059] FIG. 1 is a schematic vertical cross sectional view showing a membrane electrode 
assembly in the examples of the present invention; 
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[0060] FIG. 2 is a cross sectional view schematically showing the surface of the membrane 
electrode assembly as shown in FIG. 1; 

[0061] FIG. 3 is a schematic cross sectional view showing an electrode used in Example 5 of the 
present invention; 

5 [0062] FIG. 4 is a graph showing the relation between the current and the voltage in a unit fuel 
cell according to Example 5 of the present invention; 

[0063] FIG. 5 is a graph showing the relation between the current and the voltage in a unit fuel 
cell according to Example 6 of the present invention; 

[0064] FIG. 6 is a graph showing the relation between the current and the voltage in a unit fuel 
10 cell according to Example 7 of the present invention; 

[0065] FIG. 7 is a schematic view conceptually showing the state of the electrode portion in 
Example 9 of the present invention; 

[0066] FIG. 8 is a schematic view conceptually showing the state of the electrode portion in 
Example 10 of the present invention; 
15 [0067] FIG. 9 is a schematic cross sectional view showing the catalyst fine particle or catalyst 
carriers with a monomolecular membrane adsorbed thereon in Examples 9 and 10 of the present 
invention; 

[0068] FIG. 10 is a schematic view conceptually showing the state of an adsorbed 
monomolecular membrane in Examples 9 and 10 of the present invention; 
20 [0069] FIG. 1 1 is a schematic cross sectional view showing a fuel cell prepared in Examples 9 to 
1 1 and 14 to 16 of the present invention; 

[0070] FIG. 12 is a graph showing the characteristics of a fuel cell configured with the 
electrodes of Examples 9 to 1 1 of the present invention; 

[0071] FIG. 13 is a schematic view conceptually showing the sate of the surface of a catalyst 
25 carrier in Examples 9 and 10 of the present invention; 

[0072] FIG. 14 is a cross sectional view showing catalyst fine particles or catalyst carriers with a 

monomolecular membrane adsorbed thereon in Examples 9 and 10 of the present invention; 

[0073] FIG. 15 is a graph showing the characteristics of a fuel cell configured with the 

electrodes according to Examples 9 and 10 of the present invention; 
30 [0074] FIG. 16 is a schematic view conceptually showing the state of the surface of the carbon 

particle used in Example 14 of the present invention; 

[0075] FIG. 17 is a graph showing the relation between the current and the voltage of a fuel cell 
obtained in Example 14 of the present invention; 
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[0076] FIG. 18 is a schematic cross sectional view showing an electrode in Example 15 of the 
present invention; and 

[0077] FIG. 19 is a schematic view conceptually showing the state of the surface of the catalyst 
carrying carbon particle used in Example 16 of the present invention. 

5 DETAILED DESCRIPTION OF THE INVENTION 

[0078] In order to solve the problems as previously described, the present invention may employ 
a variety of embodiments. In the fallowings, embodiments and examples thereof according to the 
present invention will be described with regard to each of the above-described problems. 
First Embodiment 

10 [0079] A first embodiment of the present invention for solving the problem (1) as described 
above involves a polymer electrolyte fuel cell comprising a laminate consisting of plural electrode 
pairs each sandwiching a polymer electrolyte membrane, laminated with electroconductive 
separators interposed therebetween, and a gas supply/discharge means for supplying/discharging a 
fuel gas provided in one of the above electrodes and another gas supply/discharge means for 

15 supplying/discharging an oxidant gas provided in the other electrode, wherein a part of a carbon 
particle with an electrode reaction catalyst carried thereon penetrates into the inside of the above 
polymer electrolyte membrane. 

[0080] In this case, it is effective that the catalyst carrying carbon particle is a needle-shaped 
fiber. 

20 [0081] Further, the polymer electrolyte fuel cell as above can be produced by using a process of 
mixing a catalyst carrying carbon particle into a carrier gas to make it collide with the polymer 
electrolyte membrane thereby making a part of the carbon particle penetrate into the inside of the 
polymer electrolyte membrane. 

[0082] Also, it can be produced by means of a process of electrostatically charging catalyst 
25 carrying carbon particles while accelerating them by an electric field to make them collide with the 
polymer electrolyte membrane, thereby making a part of the carbon powder penetrate into the inside 
of the polymer electrolyte membrane. 

[0083] As described above, in the first embodiment of the present invention, the catalyst 
carrying carbon particles are made to penetrate or made to be inserted in the inside of the polymer 
30 electrolyte membrane, and therefore hydrogen ions generated by the electrode reaction can readily 
move to the inside of the polymer electrolyte membrane. At the same time, movement of electrons 
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can be facilitated by pressure welding electrodes of carbon paper or the like to one end of the carbon 
powder. 

[0084] Next, examples according to the first embodiment of the present invention will be 
described. 
5 Example 1 

[0085] A glassy carbon powder or a granulated acetylene black powder was made to carry 25% 
by weight of platinum particles having an average particle diameter of about 30 angstroms. This 
served as catalyst carrying carbon particles. The average particle diameter of the glassy carbon 

10 powder or granulated acetylene black was made to 2 to 10 microns. 

[0086] On a polymer electrolyte membrane 1 1 of 50 microns in thickness comprising a main 
chain of PTFE and a side chain having a sulfonic acid group at the end, the above catalyst carrying 
carbon powder was dispersed and this was pressed slowly with a pressure of 2000 kgf / 10 cm with a 
pressure roller having a diameter of 10 cm so that the carbon particles were buried and penetrated 

15 into the polymer electrolyte membrane. At this time, pressing was done in varying conditions of 
temperatures and humidities; as a result, the higher the humidity and the higher the temperature, the 
higher the degree with which the carbon particles penetrated into the membrane. The amount of the 
catalyst carrying carbon powder made to penetrate into the membrane was about 0.01 to 0.5 
mg/cm 2 , calculated in terms of the platinum amount, per one catalytic reaction layer with any carbon 

20 powder. 

[0087] Next, the polymer electrolyte membrane was sandwiched by a cathode 12 and an anode 
13, each made of a polyacrylonitryl type carbon fiber, and these were hot-pressed with a pressure of 
10 kgf/cm 2 at 1 10 °C for 5 minutes thereby to bond the polymer electrolyte membrane 1, anode 2 
and cathode 3 into one unit. This membrane electrode assembly is shown in FIG. 1. 

25 [0088] By using a sealing material made of a fluorocarbon resin and separator plates made of 
carbon, a laminated cell was constructed by laminating 10 cells of electrodes having a size of 5 cm 
by 5 cm. Discharge tests were conducted in supplying hydrogen to the anode and air to the cathode; 
when granulated acetylene black was used as the carbon powder, an output of 0.6 V - 0.5 A/cm 2 was 
obtained at a fuel utilization rate of 70% and an air utilization rate of 30%, although the amount used 

30 of platinum was as small as 0.3 mg/cm 2 . This was almost the equivalent performance of the 
conventional cell with the amount used of platinum of 0.5 g/cm 2 . A cell with a glassy carbon 
powder as the carbon powder exhibited inferior performance than the one with the acetylene black. 
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Also, the performance dropped sharply when the amount used of platinum was smaller than 0.2 

mg/cm 2 . 

Example 2 

5 [0089] Next, a variety of methods were studied in order to insert more efficiently the carbon 
powder into the polymer electrolyte membrane. The catalyst carrying carbon powder was made to 
collide at a high speed with the polymer electrolyte membrane by using nitrogen as the carrier gas. 
The gas flow rate of the nitrogen gas was changed in the range of 1 to 200 m/second and the 
nitrogen gas was moistened to avoid rapid drying of the electrolyte membrane. The average particle 

10 diameter of the carbon powder was made 0.1 to 20 microns. In this example, it was possible to 
make the carbon particles penetrate into the polymer electrolyte membrane without pressing the 
particles by roller press as done in Example 1. As a result of conducting discharge tests in the same 
manner as in Example 1, better performance was generally obtained compared to Example 1. When 
an extremely fine powder of glassy carbon with a particle diameter of 1 micron or smaller, high 

15 performance of 0.62 V-0.5 A/cm 2 (fuel utilization rate of 70%, air utilization rate of 30%) was 

obtained although the amount used of platinum was as small as 0.2 mg/cm 2 . When acetylene black 
was used, better performance was confirmed as well compared to Example 1. 
Example 3 

20 [0090] In this example, a needle-shaped carbon was used in place of the spherical carbon 
powder used in Example 2. The needle-shaped carbon used was a polyacrylonitrile type carbon 
fiber having as large a specific surface area as possible (10 m 2 /g or larger), with platinum carried 
thereon (0.01 to 0.03 mg/cm 2 ). The average length of the needle-shaped carbon used was 15 
microns. As a result of discharge tests, extremely high performance of 0.64 V-0.5 A/cm (fuel 

25 utilization rate of 70%, air utilization rate of 30%) was obtained when the amount used of platinum 
was 0.1 mg/ cm 2 . 

[0091] In a microscopic photograph of the cross section of the polymer electrolyte membrane, as 
schematically shown in FIG. 2, penetration of a large number of needle-shaped carbon 4 serving as 
the electrode reaction part was observed. Exposed parts of the needle-shaped carbon 4 in FIG. 2 
30 were buried in the anode or in the cathode. Since needle-shaped particles such as the carbon fibers 
reach further deep inside the polymer electrolyte membrane, for example as deep as about 10 
microns, and fibers are exposed on the surface thereof, electric connection with the electrodes were 
improved. 
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Example 4 

[0092] Further, among a variety of methods for making the carbon particles penetrate more 
efficiently into the polymer electrolyte membrane, an electric acceleration method was studied. A 
5 variety of carbon powders with catalyst platinum carried thereon were electrostatically charged by 
the corona discharge at the same time when they were sprayed from a nozzle. Then, a voltage for 
acceleration was applied between an injector for injecting the carbon and a fixing device made of a 
metal for fixing the polymer electrolyte membrane. The voltages for acceleration were examined in 
the range of 100 V to 5000 V. The implantation amount of carbon powder was controlled by the 

10 duration of time. If the carbon powder was driven at a high acceleration voltage for such a long 
time, the polymer electrolyte membrane happened to be severely curved or damaged. Experiments 
were carried out under varied conditions by using acetylene black, glassy carbon and needle-shaped 
carbon, each with a catalyst earned thereon; as a result, an extremely high performance was 
obtained with the needle-shaped carbon implanted for one minute at an acceleration voltage of 1000 

15 V, and this recorded 0.66 V-0.5 A/cm 2 (fuel utilization rate of 70%, air utilization rate of 30%) when 
the amount used of platinum was 0.07 mg/cm 2 . It was confirmed to be more effective that the 
carbon powder was implanted in a decompressed vacuum chamber or a small amount of polymer 
electrolyte was primarily applied to the carbon particles. 

[0093] As a result of the series of experiments, it is surmised that the reason why driving the 
20 carbon particles with a carrier gas or by electrical acceleration permits a higher performance 

compared to pushing the carbon particles by means of roller press is that implantation of the carbon 
particles at a faster speed improves the connectability of the carbon surface with the polymer 
electrolyte. Further, in the electrodes serving as a current collector, not only the carbon paper used 
in the present example but also a carbon cloth or an electroconductive sheet with a carbon powder 
25 mixed in a resin can be used. Moreover, for improving the electrical contact between the implanted 
carbon particles and the carbon needles, a good result can also be obtained when a method of 
primarily applying electroconductive carbon paste on the carbon surface contacting the polymer 
electrolyte membrane is employed. 
Second Embodiment 

30 

[0094] In order to solve previously-mentioned Problem (2), a second embodiment of the present 
invention is a polymer electrolyte fuel cell having electrodes each comprising a catalyst layer and a 
gas diffusion layer, the electrodes being provided on both sides of a polymer electrolyte membrane, 
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wherein a layer comprising an electroconductive fine particle is disposed between the above 
catalytic reaction layer and the gas diffusion layer. 

[0095] It is effective that at least a part of the above layer comprising an electroconductive fine 
particle penetrates into the gas diffusion layer. 
5 [0096] Further, it is effective to constitute the layer comprising an electroconductive fine 

particle with an electroconductive fine particle having an average primary particle diameter of 10 to 
100 nm. 

[0097] Still further, the above electroconductive fine particle may comprise a different material 
at one side from the other side of the polymer electrolyte. 

10 [0098] Moreover, the electroconductive fine particle may be at least one selected from carbon, 
metal, carbon-polymer composite, and metal-polymer composite. That is, the layer comprising an 
electroconductive fine particle may be constituted with one kind of electroconductive fine particles, 
or may be constituted with several kinds of electroconductive fine particles. 
[0099] As the above carbon -polymer composite, there is a carbon powder with PTFE adhered 

15 thereon. 

[00100] In this case, the layer comprising a conductive fine particle should suitably contain 5 to 
75% by weight of PTFE. 

[00101] According to a second embodiment of the present invention, since a layer comprising an 
electroconductive fine particle is disposed between the catalytic reaction layer and the gas diffusion 
20 layer, the contact resistance between the electrode catalyst layer and the gas diffusion layer is 
decreased thereby to improve the cell characteristics. 

[00102] Also, by making a part of the layer comprising an electroconductive fine particle 
penetrate into the gas diffusion layer, the effect thereof can be further improved. In addition, since 
the catalytic reaction layer never penetrates into the gas diffusion layer, the amount of the noble 
25 metal catalyst used for the catalytic reaction layer can be decreased compared to the conventional 
method, and thus cost-reduction effect can be expected. 

[00103] Further, in order to connect the polymer electrolyte and the electrodes, a method such as 
hot pressing is normally employed. In this case, the use of a carbon material with PTFE adhered to 
the layer of an electroconductive fine particle provides an advantage that physical bonding property 
30 between the electrode catalyst layer and the gas diffusion layer is increased, thereby to facilitate 
handling. In addition, in this case, a secondary effect can also be expected that, since PTFE is 
introduced, a part of the water generated in the air electrode can be taken into the polymer 
electrolyte membrane and the residual generated water can be discharged into the gas diffusion layer 
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side. In this case, it is more effective to make PTFE contents different in the air electrode from the 
fuel electrode. 

[00104] As a consequence, in the second embodiment of the present invention, since the layer of 
an electroconductive fine particle is disposed between the electrode catalyst layer and the gas 
5 diffusion layer, a fuel cell exhibiting higher performance compared to the conventional ones can be 
configured. 

[00105] Examples of the second embodiment of the present invention will be described below. 
Example 5 

10 [00106] First, a production method of the electrodes used in the fuel cell of the present invention 
will be described. Acetylene black having an average primary particle diameter of 50 nm was 
prepared into an ink with butyl acetate and applied onto a carbon paper (TGP-H-120, manufactured 
by Toray Industries Co., Ltd., membrane thickness of 360 \xm) serving as a gas diffusion layer 1 by 
means of the screen printing process, and thereby an electroconductive fine particle layer 2 was 

15 formed. Further, an electrode catalyst powder comprising a carbon powder with platinum carried 
thereon at 25% by weight was prepared into an ink by mixing with a dispersion of polymer 
electrolyte (Flemion®, manufactured by Asahi Glass Co., Ltd.) and butyl acetate, and the resulting 
ink was applied onto the above electroconductive fine particle layer by means of the screen printing 
process, as employed above, and thereby a catalytic reaction layer is formed. The amount of 

20 platinum per unit area was made 0.2 mg/cm 2 . 

[00107] The electrodes produced in this manner were disposed on both sides of a polymer 
electrolyte membrane (Nafion® 112, manufactured by Du Pont) and subjected to hot-pressing, 
thereby a membrane electrode assembly was prepared. FIG. 3 shows a schematic cross sectional 
view of an electrode of this assembly. This figure shows that a part of electroconductive fine 

25 particle layer 6 penetrates into the carbon paper (gas diffusion layer 5). Here, numeral 7 denotes the 
catalytic reaction layer. In addition, for comparison, electrodes comprising only a catalytic reaction 
layer and a gas diffusion layer having no electroconductive fine particle layer were also prepared. 
These electrodes were set in unit cell measuring devices to configure unit cells. 
[00108] In these unit cells, hydrogen gas was supplied to the fuel electrode and the air to the air 

30 electrode, and the unit cells were adjusted to have a cell temperature of 75 °C, a fuel utilization rate 
of 80%, an air utilization rate of 30%, and gas humidification so that the hydrogen gas and the air 
reach their dew points of 75 °C and 65 °C, respectively. The current-voltage characteristics of these 
cells are compared and shown in FIG. 4. These results indicated that the cell having the 
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electroconductive fine particle layer exhibits higher characteristics compared with the cell having no 
electroconductive fine particle layer. The reason for this is considered that the provision of the 
electroconductive fine particle layer reduced the contact resistance between the electrode catalyst 
and the gas diffusion layer, and also the reaction surface of the platinum catalyst practically 
5 contributing to the reaction was increased. This showed that it was possible to further decrease the 
amount used of Pt. 
Example 6 

[00109] Next, studies were carried out in varying the average primary particle diameter of the 
10 carbon constituting the electroconductive fine particle layer. Unit cells similar to those in Example 
5 were produced and the performance of these cells were examined in using five kinds of carbons 
having different particle diameters in addition to the acetylene black of 50 nm used in Example 5. 
The production method of the electrodes and the operation condition of the cells were the same as in 
Example 5. Table 1 shows the comparison of the cell voltages at the current density of 700 mA/cm 2 
15 in these cells. 

[00110] Table 1 



Average primary 


Cell voltage 


particle diameter (nm) 


(V) 


5 


0.59 


10 


0.63 


50 


0.64 


100 


0.63 


500 


0.58 



[00111] This indicates that the cell performance is higher when the particle diameter falls in the 
range of 10 to 100 nm. The reason for this is considered that when the particle diameter was too 
20 small, the carbon fine particles penetrated completely in the porous carbon paper, which deteriorated 
the gas diffusion, and thereby the characteristics of the cell was decreased. It is also considered that, 
when the particle diameter was 500 nm, too large particle diameter deteriorated the contact with the 
carbon paper, thereby decreasing the characteristics of the cell. 

[00112] Further, the case in which the materials constituting the electroconductive fine particle 
25 layer were varied was studied. Electrodes were produced by using titanium and nickel other than 
the carbon particles and the electrodes were set in unit cell measuring devices to examine the cell 
performances. As a result, the equal initial cell performances were observed in using any of the 
materials. 
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[00113] These results indicated that the fuel cell according to the present invention has a 
decreased contact resistance compared to the conventional ones because the electroconductive fine 
particle layer was disposed between the catalytic reaction layer and the gas diffusion layer, and thus 
it exhibits improved cell characteristics. It was also found that the cell characteristics were higher 
5 when materials having a particle diameter of 10 to 100 nm were used. As for the electroconductive 
materials used, all the materials studied in this example exhibited good results. 
[00114] In the present invention, the electroconductive fine particle layer was formed by means 
of the screen printing process, however, any other method can be employed as long as it can form 
such layer between the catalytic reaction layer and the gas diffusion layer. The polymer electrolyte 
10 membrane, the electrode catalyst, and the gas diffusion layer used are not restricted to the ones 
employed in this example. 
Example 7 

[00115] In the present example, the case in which a carbon powder with PTFE adhered thereto 

15 was used in the electroconductive particle layer was studied. 

[00116] The carbon powder with PTFE adhered thereto (PTFE/C) was prepared by mixing 
acetylene black, PTFE dispersion (D-l, manufactured by Daikin Industries, Ltd.), and a surfactant 
(Triton® X-100, manufactured by Acrosorganisco (U. S. A.)) by means of a colloid mill and 
subsequently heat-treating the resulting mixture. PTFE/C prepared was made to have PTFE content 

20 of 30% by weight. 

[00117] The obtained PTFE/C was screen-printed on the carbon paper in the same manner as in 
Example 5 to form an electroconductive fine particle layer. Next, a catalytic reaction layer was 
formed in the same manner to form electrodes. The electrodes obtained were disposed on both sides 
of Nafion® membrane, and this was hot-pressed to produce a membrane electrode assembly (ME A). 
25 This MEA had a high connectability over the whole surface, and the reason for this is considered 
that PTFE serves as a binding agent in MEA. 

[00118] In using this MEA, unit cells were configured in the same manner as in Example 5 and 
the cell performance was examined. The results are shown in FIG. 5 in comparison with the case of 
Example 5 in which acetylene black was used in the electroconductive fine particle layer. This 
30 showed that the use of PTFE/C improved the cell characteristics. The reason for this is considered 
that the introduction of PTFE improved the water repel lency in the periphery of the electrodes. 
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[00119] Next, the cell characteristics were studied in varying the adhesion amount of PTFE. The 
PTFE amount was varied by adjusting the concentration of PTFE dispersion. Table 2 shows cell 
voltages at a current density of 700 mA/cm 2 with varied PTFE amounts. 
[00120] Table 2 



PTFE amount 


Cell voltage 


(% by weight) 


(V) 


1 


0.63 


5 


0.66 


10 


0.67 


25 


0.68 


50 


0.68 


75 


0.67 


80 


0.57 



5 

[00121] This indicates that the cell performance is increased when PTFE amount falls in the 

range of 5 to 75% by weight. The reason for this is considered that greater PTFE amount decreased 

the electroconductivity, thereby deteriorating the cell performance, and smaller PTFE amount 

decreased the water repellency in the electrodes. From these results, it is found that the use of 

10 PTFE/C in the electroconductive fine particle layer improves the connectability of MEA and also 

the cell performance at the same time. In this case, PTFE/C with varied carrying amounts was used 

for adjustment of the PTFE amount; however, the PTFE amount can be adjusted by mixing PTFE/C 

and a carbon powder and it is not restricted to that used in the present invention. 

Example 8 
15 ~ 

[00122] In this example, the case was studied in which PTFE/C with compositions different in the 
fuel electrode from the air electrode were used in the electroconductive fine particle layer. PTFE/C 
with the carried PTFE amount at 60% by weight was used in the electroconductive fine particle 
layer in the fuel electrode, and PTFE/C with the carried PTFE amount at 30 % by weight was used 
20 in the electroconductive fine particle layer in the air electrode, and thus each electrode was produced 
in the same manner as in Example 2. The electrodes produced in this manner were each disposed on 
each side of Nafion membrane and these were hot-pressed, thereby to produce a membrane 
electrode assembly (MEA). 

[00123] This MEA was placed in a unit cell testing device in such a manner that the electrode 
25 using PTFE/C with carried PTFE amount of 60% came on the side of the fuel gas supply path and 
the cell performance was examined. Here, the test conditions of the unit cell were the same as in 
Example 8. FIG. 6 shows the current-voltage characteristics of this unit cell compared to the case of 
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Example 6, in which PTFE/C with carried PTFE amount of 30% by weight was used on both 
electrodes. 

[00124] From the results, it is found that the case of using compositions different in the fuel 
electrode from the air electrode had improved characteristics compared to the case of using the same 
5 composition. The reason for this is considered that the humidification conditions of the polymer 
electrolyte membrane in the fuel electrode and the air electrode during operation of the cell were 
improved compared to the case of using the same composition. In this case, PTFE/C with different 
carried PTFE amounts was used in the electroconductive particle layer; other than this, however, 
carbon materials, metal fine particles, and composites such as a mixture of a carbon material and 
10 PTFE/C and the like can also be used. 
Third Embodiment 

[00125] In order to solve Problem (3) as described previously, a third embodiment of the present 
invention relates to a polymer electrolyte fuel cell comprising a pair of electrodes having each a 
15 catalytic reaction layer, the electrodes sandwiching a polymer electrolyte membrane, wherein a 
hydrogen ion diffusion layer is provided on either surface of a catalyst particle or a carrier of the 
catalyst particle. 

[00126] The above hydrogen ion diffusion layer can be formed by chemically bonding a silane 
compound to the surface of the catalyst particle or the carrier of the catalyst particle. 
20 [00127] Also, by modifying the surface of the catalyst particle or the carrier of the catalyst 

particle with an organic compound having a basic functional group, the hydrogen ion diffusion layer 
can be formed with the above organic compound and a hydrogen ion-conductive solid electrolyte. 
[00128] It is effective that the above basic functional group contains a nitrogen atom having a 
lone pair. 

25 [00129] The above organic compound having a basic functional group is effectively a silane 
compound. 

[00130] Further, it is preferable that the above silane compound has a functional group capable of 
dissociating a hydrogen ion at the end and has at least one of a hydrocarbon chain and a 
fluorocarbon chain. 

30 [00131] The carbon particle or carbon fiber may be chemically bonded to a silane compound 
through the intermediary of at least one functional group selected from phenolic hydroxyl group, 
carboxyl group, lactone group, carbonyl group, quinone group and anhydride carboxylic acid group. 
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[00132] In the polymer electrolyte fuel cell according to the third embodiment, the electrodes can 
be produced in the following manner. 

[00133] That is to say, at least one kind of material to be bonded selected from catalyst particle, 
catalyst carrier and carbon fiber is immersed in a solvent containing a silane compound, thereby to 
5 make the silane compound chemically adsorbed on the surface of the above material to be bonded, 
and subsequently the silicon atom in a molecule of the silane compound is chemically bonded to the 
surface of the material to be bonded, thereby to form a hydrogen ion diffusion layer. 
[00134] According to the third embodiment, a hydrolyzable group of the silane compound is 
hydrolyzed on the catalyst metal surface or the catalyst carrier carbon material surface by water 

10 contained in the solution or in the air, or water adsorbed on the catalyst surface. At this time, the 
hydrolyzable group converts into an activated silanol group (=SiOH), and reacts with an oxide on 
the surface of the catalyst metal or functional group on the surface of the carbon material, which 
permits formation of a solid bond. By making the silane compound have a hydrogen ion 
dissociating functional group such as sulfonic acid group or carboxyl group, a hydrogen ion 

15 conductive layer can be made to coat the catalyst surface in the monomolecular form. Then, by 
making this coat the catalyst metal and the carbon carrier, a hydrogen ion channel in the 
monomolecular form can be formed. The monomolecular layer can be controlled to have a 
thickness in the range of several nm to several tens of nm. 

[00135] In general, a polymer electrolyte exhibits gas supply ability sufficient for the electrode 
20 reaction of fuel cell within about several hundred nm in the direction of the depth thereof. As a 
consequence, the polymer electrolyte layer according to the third embodiment of the present 
invention can maintain sufficient gas dissolution property and does not inhibit the supply of the 
reaction gas by coating the catalyst surface as in the case that conventionally used PTFE dispersion 
particles of submicron order are used. 
25 [00136] FIG. 7 shows the state of the cross section of an electrode for fuel cell according to one 
example of the present invention. In FIG. 7, as described above, the catalyst powder is made to 
uniformly adsorb the polymer electrolyte layer, which permits close and uniform adhesion between 
a catalyst fine particle 13, a carbon fine powder 14 and a polymer electrolyte 15 inside a catalyst 
layer 12 of an electrode 1 1. 
30 [00137] The constitution of the catalyst layer 12 as above enables efficient formation of three 
channels extremely close to each other inside the same catalyst layer: namely, a gas channel 17 
formed with pores of the carbon powder 14, which serves as a supply path for fuel gas such as 
hydrogen and oxidant gas such as oxygen; a hydrogen ion channel 18 formed by the polymer 



electrolyte layer 15; and an electron channel 16 formed by the carbon fine powder connected with 
each other. In FIG. 7, 19 is a gas diffusion layer and 20 is a polymer electrolyte membrane. 
[00138] At this time, a reaction represented by the formula: 

[00139] H 2 — ► 2H + + 2e occurs in the hydrogen electrode, and a reaction represented by: 1/2 0 2 
5 + 2H + + 2e" — > H 2 0 occurs in the oxygen electrode. Here, when the electrode as shown in FIG. 7 is 
used, supply of hydrogen and oxygen gases and transfer of a hydrogen ion and an electron are done 
simultaneously and smoothly in a broad area, which increases the reaction speed and the reaction 
surface area, thereby permitting realization of a polymer electrolyte fuel cell exhibiting higher 
discharge performance. 

10 [00140] Further, since the monomolecular size is sufficiently small, the catalyst inside the 

micropores, that could not be coated by a conventionally used polymer electrolyte molecule of the 
order of several hundred nm, can be coated. As a result, the catalyst inside the micropores can be 
provided with a hydrogen ion channel and made to contribute to the reaction. 
[00141] At this time, the water repellency of the polymer layer can be increased by making the 

15 silane compound have a hydrocarbon chain, and the water repellency of the polymer layer can be 
further increased by making the silane compound have a fluorocarbon chain. 
[00142] Also, when substituting -S0 3 H or -COOH group for the end of the silane compound 
thereby increasing the hydrophilicity, water retention capacity of the electrodes is improved. As a 
consequence, for example, when the fuel cell is operated at a low current density and a small 

20 quantity of water is generated, or when the fuel cell is operated with a low-humidified air, the 

electrodes maintain a certain water retention capacity, and a high performance can be achieved. If 
the water repellency is increased, gas diffusion ability of the electrodes is improved and thereby a 
high performance can be achieved even when the fuel cell is operated for example at a high current 
density and a large quantity of water is generated, or when the fuel cell is operated in a high- 

25 humidified air. 

[00143] Alternatively, as shown in FIG. 8, the hydrogen ion channel can be formed on the 
catalyst surface by using a hydrogen ion-dissociating functional group and a water repellent silane 
compound having a hydrocarbon chain, and the gas channel can be formed on the catalyst surface by 
using a silane compound with higher water repellency having a fluorocarbon chain. By using this, a 
30 polymer electrolyte fuel cell exhibiting higher polarization characteristics in a large current density 
region can be realized. Here, by applying the water repellent silane compound having a 
fluorocarbon chain onto the carbon powder carrying no catalyst, a water repellent monomolecular 
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layer 21 can be formed and a gas channel 17 can be formed without decreasing the catalyst surface 
area. 

[00144] Further, by mixing the polymer electrolyte layer with the above constitution and a 
conventionally used polymer electrolyte such as "Nafion® solution" manufactured by Aldrich 
5 Chemical, U. S. A, a hydrogen ion channel continuing from the catalyst inside the micropores to the 
electrolyte membrane surface can be formed and thereby the electrodes exhibiting a higher 
performance with a large reaction surface area and a small internal resistance can be realized. 
[00145] Moreover, a hydrolyzable group of the silane compound is hydrolyzed, on the catalyst 
metal surface or the catalyst carrier carbon material surface, with water in the solution or in the air, 

10 or water adsorbed on the catalyst carrier. At this time, the above hydrolyzable group is converted 
into active silanol group (= Si OH), which can form a strong bond by reacting with an oxide on the 
catalyst metal surface or a functional group on the carbon material surface. By making this silane 
compound have a basic functional group containing a nitrogen atom having a lone pair at the end, 
for example an amid group or an amine group, mutual reaction with a polymer electrolyte having a 

15 residual group of an acid such as sulfonic acid can be caused. At this time, a polymer electrolyte 
layer can be formed by strongly pulling the polymer electrolyte onto the monomolecular surface, 
that is, close to the catalyst carrier surface. As a consequence, a hydrogen ion channel, which is a 
minute hydrogen ion conductive layer, can be formed on the catalyst and catalyst carrier surface. 
[00146] This effect is resulted from that the mutual reaction between the basic of the 

20 monomolecular layer coating the catalyst carrier and the acidic of the polymer electrolyte enabled 
the presence of the polymer electrolyte more close to the catalyst metal. 

[00147] Also, the proportion of coating the catalyst metal is increased because of the presence of 
the polymer electrolyte in the vicinity of the catalyst, which enabled formation of the hydrogen ion 
channel effectively transferring a hydrogen ion generated by the catalyst reaction and improved 

25 catalyst efficiency as well. 

[00148] When the main chain skeleton of the silane compound forming the monomolecular layer 
is a hydrocarbon chain, the water repellency of the hydrocarbon chain is relatively week, and 
therefore the whole catalyst layer is in the wet state. This indicates that water retention capacity of 
the electrodes is improved. That is to say, it indicates that the electrodes maintain a certain water 

30 retention capacity and permits excellent performance even when the fuel cell is operated at a low 
current density with little water generated, or when the fuel cell is operated in a low-humidified air. 
[00149] On the other hand, a hydrogen fluoride chain shows high water repellency, and as shown 
in FIG. 13, a monomolecular layer 81 is formed in using a silane compound having a hydrogen 
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fluoride chain, and when a polymer electrolyte having a hydrogen fluoride chain (for example, 
Flemion® manufactured by Asahi Glass Co., Ltd.) is used, a water repellent layer 83 can be formed 
between the monomolecular layer 81 and a polymer electrolyte layer 82 by the water repellency 
effect of both. At this time, water present in the water repellent layer 83 is facilitated to take out the 
5 reaction-generated water by the water repellency effect of both layers, and an effect of humidifying 
the inside of the electrodes in an appropriate condition can be maintained. 
[00150] In this manner, when the polymer electrolyte fuel cell is operated at a high current 
density and a large quantity of water is generated, or when high-humidified air is used, sufficient gas 
diffusion ability can be exhibited in the electrodes by this water repellency effect, and thus a 

10 sufficiently high cell performance can be achieved. 

[00151] Also, when a silane compound having a hydrocarbon chain is used, a hydrogen ion 
channel can be formed on the catalyst surface, and when a silane compound having a hydrogen 
fluoride chain is used, a gas channel can be formed on the catalyst surface. As described above, by 
changing the principal chain skeleton of the silane compound, the characteristics of the catalyst layer 

15 in the electrodes can be designed in compliance with suitable operation environment, and thereby a 
polymer electrolyte fuel cell exhibiting high discharge characteristics can be realized. 
[00152] The third embodiment according to the present invention will be described below. 
Example 9 

20 [00153] As shown in FIG. 9, on the surface of carbon particles 14 carrying 20% by weight of 

catalyst particles 13 comprising platinum in the form of particle having a particle diameter of around 
1 to 10 nm, a silane compound was adsorbed directly by chemical adsorption under nitrogen gas 
atmosphere, thereby a monomolecular protection film 22 comprising a silane compound is formed. 
As the silane compound, CH3-(CH 2 ) n -SiCl 3 (n is a positive number of 10 or over and not over than 

25 25) was used, and n-hexane dissolved to have a concentration of 1% by weight was prepared, into 
which the above-described carbon powder with platinum particle carried thereon was immersed. 
[00154] At this time, natural oxidized film is formed on the surface of the catalyst particles 13, in 
which a -OH group or an oxide is contained. Also, as the carbon powder 14, used was a carbon 
powder having a surface functional group such as phenolic hydroxyl group, carboxyl group, lactone 

30 group, carbonyl group, quinone group and anhydride carboxylic acid group on the surface thereof. 
Then, by conducting HC1 elimination reaction with -SiCl 3 group, -OH group or other functional 
group or oxide, a monomolecular adsorption film 22 is formed with a silane compound to have a 
thickness of about 2 to 10 nm on the surface of the catalyst metal 13 and the surface of the carbon 
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earner 14. It was also possible to form the above film to have a thickness of about 1 to 100 nm by 
changing the molecular weight of the monomolecular. 

[00155] It should be noted that the material for chemical adsorption are not restricted to the silane 
compound used above, and any material can be used as long as it contains groups having bonding 
5 property to -OH group or oxide, for example, = Si CI group and the like. 

[00156] Further, as shown in FIG. 10, silane compounds containing for example sulfonic acid 
group or carboxyl group as hydrogen ion dissociating functional groups as shown below could be 
hydrolyzed for use. That is, SiCl3-(CH 2 )n-S0 2 Cl (n is an integer), SiCI 3 -(CH 2 ) n -COOCH 3 (n is an 
integer), SiCI 3 -(CH 2 ) n -(C 6 H 4 )-S0 2 Cl (n is an integer), SiCl 3 -(CH 2 ) n -(C 6 H4>COOCH 3 (n is an 
10 integer) and the like. By this method, a hydrogen ion conductive monomolecular layer 23 was 
formed on the surface of the catalyst metal 13 and the catalyst carrier 14. 
Example 10 

[00157] In this example, a silane compound containing a fluorine in a part of the linear 
15 hydrocarbon chain thereof, that is, SiCl 3 -(CH 2 ) 2 -CF 3 was dissolved in cyclic silicone oil (KF994, 

manufactured by Shin-Etsu Chemical Co., Ltd.) for use, and a water repellent monomolecular layer 

21 was formed on the carbon carrier surface in the same manner as shown in Example 9 above. The 

use of such a silane compound enabled to increase the water repellency in the electrodes and also 

enabled to form a gas channel for supplying the reaction gas. 
20 [00158] Here, as the silane compound containing fluorine in a part of the linear hydrocarbon 

chain, SiCl 3 -(CH 2 ) 2 -(CF 2 ) m -CF 3 (m is an integer of 0 to 9) could also be used. 

Example II 

[00159] In this example, by using SiCl 3 -(CH 2 ) n -(CF 2 ) m -S0 3 H (n and m are integers of 2 to 10), 
25 which is a silane compound containing a sulfonic acid group as a hydrogen ion-dissociating group 
and containing a fluorine in a part of the linear hydrocarbon chain thereof, a hydrogen ion 
conductive monomolecular layer 23 was formed on the surface of the catalyst metal 13 and the 
carbon carrier 14. 

[00160] Here, as the hydrogen ion dissociating functional group, silane compounds containing 
30 sulfonic acid group or carboxyl group and the like and containing fluorine in a part of the linear 

hydrocarbon chain, as shown below, could also be used. That is to say, an effect can be obtained by 
using SiCl 3 -(CH 2 ) 2 -(CF 2 ) m - S0 2 C1 (n and m are integers), SiCl 3 -(CH 2 ) 2 -(CF 2 ) m -COOCH 3 (n and m 
are integers), SiCl 3 -(CH 2 ) 2 -(CF 2 ) m -(C 6 H4)-S0 2 Cl (n and m are integers), SiCl 3 -(CH 2 ) 2 -(CF 2 ) m - 
(C 6 H4)-COOCH 3 (m is an integer) and hydrolyzing these. 



Comparative Example 1 

[00161] For comparison, using "5% by weight-Nafion® solution" manufactured by Aldrich 
Chemical (U. S. A.), carbon fine powder 14 carrying this and platinum catalyst ultra fine particles 
5 13 having a particle diameter of around 1 nm to 10 nm at 20% by weight was prepared. This carbon 
fine powder 14 was mixed with butanol and dispersed with a ball mill, and subsequently applied 
onto a carbon paper (TGP-H-120, manufactured by Toray Industries, Inc., membrane thickness of 
360 jam) thereby to prepare the electrode 1 1 with the catalyst layer formed thereon. 
[Evaluation 1] 

10 [00162] As described above, by using electrode catalyst powders described in Examples 9 to 1 1 
and Comparative Example 1, the catalyst layer 12 was formed by applying these onto the carbon 
paper (TGP-H-120, manufactured by Toray Industries, Inc., film thickness of 360 jam) serving as the 
gas diffusion layer 19, which gave the electrode 11. 

[00163] The electrodes thus produced were disposed on both sides of a polymer electrolyte 
15 membrane (Nafion® 112, manufactured by Du Pont) 10 and these were hot-pressed to produce a 
membrane electrode assembly, and then unit cells obtained were tested by preparing fuel cell 
measuring cells as shown in FIG. 11. 

[00164] In FIG. 11, numeral 20 is the polymer electrolyte membrane. In FIG. 11, numerals 24 
and 25 are the anode and the cathode, respectively. The addition amount of the polymer electrolyte 
20 was 1.0 mg/cm 2 per apparent electrode surface, and equal characteristics were obtained in the range 
of 0. 1 to 3.0 mg/cm 2 . Also, the addition amount of platinum was made 0.5 mg/cm 2 per electrode 
surface in the same manner. 

[00165] In these unit cells, hydrogen gas was supplied to the anode 24 and air was supplied to the 
cathode 25. Then, discharge tests of the cells was carried out in adjusting the cell temperature to 75 

25 °C, the fuel utilization rate to 80%, the air utilization rate to 30%, and the gas humidification so that 
the hydrogen gas and the air had their dew points of 75 °C and 65 °C, respectively. 
[00166] Unit cells produced according to the methods of Examples 9 and 1 1 and Comparative 
Example 1 were named A, B and X, respectively. Also, a unit cell using a catalytic reaction layer 
prepared by mixing the catalyst powder treated as in Example 9 and the carbon carrier treated as in 

30 Example 10 was named C. 

[00167] Here, FIG. 12 shows the current- voltage characteristics of the cells A, B, C and X 
according to the examples and Comparative Example 1 of the present invention. Also, Table 3 
shows the current density characteristics when the cell voltage was 850 mV, which is a reaction rate- 
determining region, and the cell voltages when the current density of the cells was 1000 A/cm 2 . 
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[00168] Table 3 



Cell 


Current density 
(mA/cm 2 ) 


Voltage 
(V) 


A 


48 


0.55 I 


B 


50 


0.64 


C 


50 


0.66 


X 


9 


0.29 



[00169] In Table 3, the current density at the cell voltage of 850 mV was 9 mA/cm 2 in the cell X 
of the Comparative Example 1, whereas in the cells A, B and C using the electrodes of this example 
5 maintained a current density of 48, 50 and 50 mA/cm 2 , respectively, which were excellent 

characteristics of more than 5 times of the comparative example. The reason for this is considered 
that the electrodes of the present invention have a reaction surface area of more than 5 times of the 
electrodes of the comparative example. 

[00170] Further, in the electrodes of the present invention, a monomolecular layer of a polymer 

10 having a film thickness of about 1 to 100 nm could be formed. Since the monomolecular size was 
sufficiently small, the catalyst inside the micropores which polymer electrolyte molecules of several 
hundred nm order such as "Nafion solution" could not adsorb could be coated, and a hydrogen ion 
channel was formed in the catalyst inside the micropores and could contribute to the reaction, and as 
a result, high current density could be obtained. 

15 [00171] Also, the cell voltage at the current density of 1000 mA/cm 2 was 0.29 V in the cell C of 
the comparative Example, whereas the cells A, B and C could maintain higher values of 0.55, 0.64 
and 0.66, respectively. The reason for this is considered that since the electrodes of the present 
invention have a large reaction surface area, as mentioned above, higher characteristics could be 
obtained even when the cell was operated at a high current density as compared to the comparative 

20 example. Further, in the cell B, the hydrogen ion conductive monomolecular layer itself contains a 
fluorine in a part of the hydrocarbon chain, which permitted improved gas solubility and improved 
gas supply ability to the catalyst and thereby the characteristics in the high current density region 
were improved. Moreover, in the cell C, a catalytic reaction layer was formed by mixing the 
catalyst powder with adsorbed thereon a hydrogen ion conductive monomolecular layer treated as in 

25 Example 9 and the carbon carrier with adsorbed thereon a monomolecular layer containing a 

fluorine in a part of the linear hydrocarbon chain according to Example 10, which is considered to 
have further increased the gas supply ability in the catalyst layer thereby to improve the 
characteristics in the high current density region. 
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Example 12 

[00172] As FIG. 14 shows, on the surface of carbon particles 92 carrying 20% by weight of 
catalyst particles 91 comprising platinum in the form of particle having a diameter of around 1 to 10 
5 nm, a silane compound was adsorbed directly by chemical adsorption under a nitrogen gas 

atmosphere and a monomolecular protection film comprising the silane compound was formed. By 
using CH3-(CH 2 )n-Si(OCH 3 )3 (n is an integer of 2 to 10) having a linear hydrocarbon chain was used 
as the silane compound, an ethanol solution dissolving the same at a concentration of 1% by weight 
was prepared, into which the above-mentioned platinum particle carrying carbon powder was 

10 immersed, and this was heated at 60 °C for one hour. 

[00173] At this time, on the surface of the catalyst particles 91 formed was a natural oxidized 
film, which contains -OH group and oxide. Also, as the carbon powder 92 used was a carbon 
powder with surface functional group such as phenolic hydroxyl group, carboxyl group, lactone 
group, carbonyl group, quinone group, or anhydride carboxylic acid group are present on the surface 

15 thereof. Then, by subjecting this to alcohol elimination reaction with -Si(OCH 3 ) 3 group, -OH group, 
or other functional group or oxides, a monomolecular adsorption film 93 of a silane compound was 
formed to have a thickness of around 2 to 10 nm on the surface of the catalyst metal 91 and the 
surface of the carbon carrier 92. Also, it could be formed to have a thickness of about 1 to 100 nm 
by changing the molecular amount of the monomolecular. 

20 [00174] It should be noted that the material for chemical adsorption is not restricted to the silane 
compound used above as long as it contains group capable of bonding with -OH group or oxide, for 
example, =Si(OCH 3 ), =Si(OC 2 H 5 ) groups and the like. 

[00175] Also, as shown in FIG. 13, as a basic functional group containing a nitrogen atom having 
a lone pair, Si(OCH 3 ) 3 -(CH 2 ) n -NH 2 (n is an integer of 2 to 10), which is a silane compound 

25 containing an amine group was used. By this method, the monomolecular layer 93 was formed on 
the surface of the carbon powder 92. Further, by an action of end basic group, a polymer electrolyte 
layer 94 was formed minutely close to the surface of the catalyst metal and carbon carrier in such a 
way that it covered the monomolecular layer 93, and thereby a hydrogen ion channel which transfers 
effectively hydrogen ions was formed. 

30 [00176] In this example, silane compounds having amid group or amine group as the basic 

functional group containing a nitrogen atom having a lone pair, such as Si(OCH 3 ) 3 -(CH 2 ) n -NH 2 (n is 
an integer of 2 to 10), Si(OCH 3 ) 3 -(CH 2 ) m -NH-(CH 2 )„-NH 2 (m and n are integers of 2 to 10), 
Si(OCH 3 ) 3 -(CH 2 ) n -(C 6 H 4 )-NH 2 (n is an integer of 2 to 10), Si(OCH 3 ) 3 -(CH 2 ) m -N(CH 3 ) 2 (m is an 
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integer of 2 to 10), Si(OCH 3 )3-(CH2)„-(C6H4)'N(CH 3 )2 (n is an integer of 2 to 10), Si(OC 2 H 5 ) 3 - 
(CH 2 ) n -N(CH 2 CH 2 OH) 2 (CH 2 ) n (n is an integer of 2 to 10) could be used, for example. 
Example 13 

5 [00177] In this example, by using Si(OCH 3 )3-(CH 2 ) n -(CF 2 ) m -NH 2 (n and m are integers of 2 to 
10) as a silane compound containing amine group as the basic functional group containing fluorine 
in a pail of the linear hydrocarbon chain, a monomolecular layer 22 was formed on the surface of 
the catalyst metal 13 and the carbon carrier 14 in the same manner as the one having linear 
hydrocarbon chain. 

10 [00178] As the silane compound used which contains an amine group or an amid group and 

contains fluorine in a part of the linear hydrocarbon chain, Si(OCH 3 ) 3 -(CH 2 ) n -(CF 2 )m-NH2 (n and m 
are integers of 2 to 10), Si(OCH 3 ) 3 -(CH 2 ) m -NH-(CH 2 )n-(CF 2 )l-NH2 (m, n and 1 are integers of 2 to 
7), Si(OCH 3 ) 3 -(CH 2 ) n -(CF 2 ) m -N(CH 3 ) 2 (n and m are integers of 2 to 8), Si(OCH 3 ) 3 -(CH 2 ) n -(CF 2 ) m - 
(C 6 H4)-NH 2 (n and m are integers of 2 to 7), Si(OCH 3 ) 3 -(CH 2 ) n -(CF 2 ) m -(C 6 H4)-N(CH 3 ) 2 (n and m are 

15 integers of 2 to 7), and Si(OC 2 H 5 ) 3 -(CH 2 ) n (CF 2 ) m -N(CH 2 CH 2 OH) 2 (n and m are integers of 2 to 7) 
could also be used. 
Comparative Example 2 

[00179] For comparison, by using "5% by weight-Nafion® solution" manufactured by Aldrich 
20 Chemical (U.S. A), a fine carbon powder 14 carrying the same and ultra fine platinum catalyst 

particles 13 having a diameter of around 1 to 10 nm at 20% by weight was prepared. By mixing this 
carbon fine powder 14 with butanol and dispersing the same with a ball mill, and then applying the 
resulting material onto a carbon paper (TGP-H-120, manufactured by Toray Industries, Inc., film 
thickness of 360 jam), electrodes 11 formed with a catalytic reaction layer 12 were produced. 
25 [Evaluation 2] 

[00180] By using the electrode catalyst powders described in Examples 12 and 13 and 
Comparative Example 2 above, these electrode catalyst powders were applied onto carbon papers 
(TGP-H-120, manufactured by Toray Industries, Inc., film thickness 360 serving as the gas 
diffusion layers to form the catalytic reaction layers, thereby obtaining the electrodes. 
30 [00181] The electrodes thus produced were disposed on both sides of a polymer electrolyte 

membrane (Nafion® 1 12, manufactured by Du Pont) 20, and these were subjected to hot-pressing 
and thereby a membrane electrode assembly was produced. By using unit cells obtained, tests were 
conducted by preparing fuel cell measurement cells as shown in FIG. 10. 
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[00183] Discharge tests of the cells were canned out by supplying hydrogen gas to the anode 24 
and air to the cathode 25 of these unit cells and adjusting the cell temperature to 75 °C, the fuel 
utilization rate to 80%, the air utilization rate to 30% and the gas humidification so that the 
hydrogen gas and the air had their dew points of 75 °C and 65 °C, respectively. 
5 [00184] Cells produced by using the electrodes prepared in Examples 12 and 13 and Comparative 
Example 2 were called respectively D (hydrocarbon chain type), E (fluorocarbon chain type), and Y 
(non surface-treated type). 

[00185] FIG. 15 shows the current-voltage characteristics of the cells D, E and Y according to the 
examples and the comparative example of the present invention. Further, Table 4 shows cell 
10 voltages when the operation current density of the cell were made 300 mA/cm 2 , which was a low 
current density, and also 700 mA/cm 2 , which was a high current density. 
[00186] Table 4 



Cell 


Cell voltage (mV) 


I=300mA/cm 2 


i=700mA/cm" 


D 


770 


670 


E 


750 


690 


Y 


700 


600 



[00187] In FIG. 4, it was confirmed that the cells D and E using the electrodes of the present 
15 invention exhibit high cell characteristics compared to Y of the comparative example. 

[00188] Comparing the electrodes of the present invention and the conventionally proposed 
electrodes of the comparative example, the cells D and E have further improved characteristics than 
the cell Y despite that the amounts of polymer electrolyte and platinum catalyst contained in the 
electrodes are about the same, and the reason for this is considered that the silane compound having 
20 a basic functional group covered the catalyst carrier surface and formed a monomolecular layer, and 
this monomolecular layer further formed a minute polymer electrolyte layer in the vicinity of the 
catalyst carrier, which enabled further efficient hydrogen ion exchange. 

[00189] Moreover, in Table 4, it was confirmed that the difference in the main chain skeleton of 
the silane compound influences the cell characteristics. That is to say, a cell comprising electrodes 
25 using a silane compound having a hydrocarbon chain with relatively weak hydrophobic property has 
especially a good effect when the operation current of the cell is low, and a cell comprising 
electrodes using a silane compound having a hydrogen fluoride with strong hydrophobic property 
has especially a good effect when the operation current of the cell is high. 
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[00190] In the above examples, the carbon powder serving as the catalyst carrier was subjected to 
surface treatment, however the constitution of the present invention can be used for the catalyst 
metal itself as long as it is a catalyst metal containing -OH group or oxide on the surface. 
Fourth Embodiment 

5 

[00191] In order to solve the previously mentioned Problem (4), a fourth embodiment of the 
present invention has characteristics in electrodes in a fuel cell. That is to say, the fourth 
embodiment is a fuel cell comprising an membrane electrode assembly formed by laminating a 
hydrogen ion conductive polymer electrolyte membrane, a pair of electrodes sandwiching the above 
10 hydrogen ion conductive polymer electrolyte membrane and a pair of diffusion layers sandwiching 
the above electrodes, wherein the above electrodes include at least a catalyst comprising a 
hydrophilic carbon material with catalyst particles carried thereon, a hydrogen ion conductive 
polymer electrolyte and a water repellent carbon material. 

[00192] It is preferable that a hydrophilic layer is chemically bonded to at least a part of the 
15 catalyst particle surface. 

[00193] Further, it is preferable that the catalyst comprising a hydrophilic carbon material with 
catalyst particles carried thereon is selectively disposed on the hydrogen ion conductive polymer 
electrolyte membrane side, and the water repellent carbon material is selectively disposed on the gas 
diffusion layer side. 

20 [00194] Moreover, it is preferable that the water repellent carbon material comprises a 

monomolecular layer formed by chemically bonding a silane coupling agent having a hydrophobic 
portion to a part of or entire surface of the carbon material. 

[00195] It is preferable that also the hydrophilic carbon material comprises a layer formed by 
chemically bonding a silane coupling agent having a hydrophilic portion to a part of or entire 
25 surface of the carbon material. 

[00196] It is preferable that the above carbon material is chemically bonded to the silane coupling 
agent through the intermediary of at least one functional group selected from among phenolic 
hydroxy! group, carboxyl group, lactone group, carbonyl group, quinone group, and anhydride 
carboxylic acid group. 

30 [00197] Next, the present invention also relates to a production method of the above-mentioned 
electrodes. That is to say, the above electrodes can be produced by immersing at least one kind of 
catalyst particles or carbon material in a solvent containing a silane coupling agent thereby making 
the silane coupling agent chemically adsorbed onto at least a part of the catalyst particle surface or 
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the carbon material surface, and subsequently chemically bonding the silicon atom in a molecule of 
the silane coupling agent to the catalyst particle surface or the carbon material surface. 
[00198] As described above, in the electrodes for fuel cell according to the fourth embodiment of 
the present invention, since the catalytic reaction layer is constituted by a polymer electrolyte, a 
5 hydrophilic carbon material and a water repellent material, water is adequately retained by the 
hydrophilic carbon material in the vicinity of the three phase zone where the electrode reaction 
occurs, and water generated in excess is promptly discharged by the adjacent water repellent carbon 
material. 

[00199] For this reason, even when the fuel cell is operated at a relatively low current density, the 

10 electrodes retain a certain water retention capacity because of the hydrophilic carbon material, and 
thus high characteristics can be expected. On the other hand, when the fuel cell is operated at a 
relatively high current density, excess generated water is promptly discharged by the water repellent 
carbon material disposed in the very vicinity of the hydrophilic carbon material, therefore flooding 
phenomenon does not readily occur, and thus the cell performance is improved. 

15 [00200] Further, when the hydrophilic carbon material is placed on the polymer electrolyte 

membrane side and the water repellent material is placed on the gas diffusion layer side, the polymer 
electrolyte membrane side is under higher-humidified atmosphere, which improves ion conductivity 
of the polymer electrolyte membrane and improves the cell characteristics. 
[00201] Moreover, in the electrodes for fuel cell according to this embodiment, hydrolyzable 

20 group of the silane coupling agent having a hydrophobic portion is hydrolyzed on the surface of the 
carbon particles by water in the solvent or in the air, or water adsorbed on the carbon surface. It is, 
then, converted into active silanol group (= Si OH), and reacts with functional group on the carbon 
surface to form a strong bond. As a consequence, a microscopic monomolecular water repellent 
layer of several nm to several tens of nm is formed on the carbon particle surface. When using the 

25 above water repellent carbon particles, even when the electrodes are configured by mixing the same 
with the hydrophilic catalyst carrying carbon particles, there occurs no inhibition of the reaction gas 
supply due to the catalyst particles in the electrodes being coated, which is the case in which PTFE 
dispersion particles of submicron order are used. 

[00202] Still further, in the fuel cell according to the present invention, on the catalyst particle 
30 surface or the surface of the carbon particles with the catalyst carried thereon, hydrolyzable group of 
the silane coupling agent is hydrolyzed by water in the solvent or in the air, or water adsorbed onto 
the carbon surface in the same manner as previously. Then, it is converted into active silanol group 
(= Si OH) and reacts with functional group on the carbon surface to form a strong bond. By making 
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this silane coupling agent contain a hydrophilic group such as sulfonic acid group, carboxyl group 
and the like, the catalyst surface is made hydrophilic and the moist condition around the three-phase 
zone is maintained. 

[00203] As described above, by using the electrodes according to this embodiment, a polymer 
5 electrolyte fuel cell exhibiting a higher performance compared to the conventional ones because 
appropriate moist condition is maintained by the hydrophilic catalyst carrying carbon particles 
around the three-phase zone where the electrode reaction occurs, and also excess generated water is 
promptly discharged by the adjacent water repellent carbon. 

[00204] Examples of the fourth embodiment of the present invention will be described below. 
10 Example 14 

[00205] First, a production method of the water repellent carbon material will be described. A 
monomolecular layer comprising a silane coupling agent was formed by making the entire surface 
of the carbon powder adsorb directly a silane coupling agent by chemical adsorption under a 

15 nitrogen gas atmosphere. As the silane coupling agent, CH 3 -(CH 2 )n-SiCl3 (n is an integer of 10 to 
25) which contains a linear hydrocarbon chain was used, and a hexane solvent dissolving the same 
at 1% by weight was prepared and the above carbon particles were immersed therein. The carbon 
particles used at this time were a graphitizable carbon with a phenolic hydroxyl group and a 
carboxyl group remaining on the surface thereof, and a monomolecular water repellent layer 

20 comprising the silane coupling agent was formed by subjecting these functional groups and -SiCl 3 of 
the silane coupling agent to hydrochloric acid elimination reaction. FIG. 16 shows this state. 
[00206] In FIG. 16, 101 is a carbon particle and 102 is a monomolecular water repellent layer. 
The thickness of the monomolecular water repellent layer 102 was about 2 to 10 nm. At this time, 
by changing the molecular weight of the monomolecular, the membrane thickness of the same could 

25 be made 1 to 100 nm. Further, as the material for chemical adsorption, it is not restricted to the 

silane base surfactant used in this example as long as it contains group capable of bonding with -OH 
group such as = Si CI group and the like. 

[00207] Next, a hydrophilic carbon powder with platinum carried thereon at 25% by weight, 
which serves as an electrode catalyst, and the above water repellent carbon material were mixed, to 
30 which a solution dispersing a polyfluorocarbon type polymer electrolyte containing pendant -S0 3 H 
group(FSS-l, manufactured by Asahi Grass Co., Ltd.) and butanol were added to prepare an ink. 
After this ink was applied onto a carbon paper (TGP-H-120, manufactured by Toray Industries, Inc., 
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film thickness of 360 jam) by the screen printing process, butanol was eliminated by heating and 
drying, thereby to produce an electrode A' of the present example. 

[00208] In the above process, the platinum carrying carbon powder used was a hydrophilic one 
having many surface functional groups (Vulcan®XC72R, manufactured by Cabot). Also, the 
5 platinum amount per unit area was made 0.5 mg/cm 2 . Further, the mixing ratio of the platinum 
carrying hydrophilic carbon powder, water repellent carbon material and polyfluorocarbon type 
polymer electrolyte was 100:20:3 after preparation. 

[00209] Next, an electrode B' for comparison was produced. The electrode B' for comparison 
was one produced by forming a noble metal carrying carbon powder serving as the catalyst and a 

10 water repellent agent on a porous electroconductive electrode supporting material serving as the gas 
diffusion layer, as a conventionally proposed constitution. As the porous electroconductive 
electrode material, the same carbon paper used for the electrode A' above (TGP-H-120, 
manufactured by Toray Industries, Inc., film thickness of 360 (am) was used, and this was primarily 
subjected to water repellency treatment by using a solution dispersing a polyfluorocarbon type 

15 polymer electrolyte containing pendant -S0 3 H group (FSS-1, manufactured by Asahi Glass Co., 
Ltd.). In the above constitution, the carbon powder used was a water repellent one having a few 
surface functional groups (Denka Black, manufactured by Denki Kagaku Kogyo Kabushiki Kaisha). 
Also, as the water repellency agent, a solution dispersing a polyfluorocarbon type polymer 
electrolyte containing pendant -S0 3 H group (FSS-1, manufactured by Asahi Glass Co., Ltd.) was 

20 used. Apart from this, the constitution was made the same as the electrode A' above. 

[00210] The respective electrode A' of this example thus produced and the electrode B' of the 
comparative example were disposed on both sides of respective polymer electrolyte membranes 
(Nafion® 112, manufactured by Du Pont), and these were hot-pressed to produce membrane 
electrode assemblies. These were set in unit cell measuring devices as shown in FIG. 11 to 

25 configure unit cells. In FIG. 11, numerals 20, 24 and 25 denote the membrane electrode assembly 
mentioned above. 

[00211] In these unit cells, hydrogen and air were supplied to the fuel electrode and the air 
electrode, respectively, and they were adjusted to have a cell temperature of 75 °C, a fuel utilization 
rate of 80%, an air utilization of 30%, and gas humidification so that hydrogen gas and air had their 
30 dew points of 75 °C and 65 °C, respectively. The current-voltage characteristics of the battery at 
this time are shown in FIG. 17. 

[00212] In FIG. 17, it was confirmed that the cell using the electrode A' of this example exhibits 
better characteristics than the one using the electrode B' with the conventionally proposed 
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constitution. The reason for this is considered that, when a water repellent carbon powder treated 
with a silane coupling agent is used, there occurs no inhibition of the reaction gas supply due to the 
catalyst fine particles in the electrode being coated, which is the case in which PTFE carrying 
carbon powder with PTFE dispersion particles of submicron order is used. 
5 Example 15 

[00213] In this example, electrodes were produced by placing the catalytic reaction layer on the 
polymer electrolyte side and the water repellent carbon particles on the gas diffusion layer side, and 
the characteristics thereof were evaluated. First of all, the catalyst carrying carbon powder and the 

10 water repellent carbon powder treated with the silane coupling agent as shown in Example 14 were 
prepared into separate inks and were applied to form the electrodes. This is shown in FIG. 18. First, 
a water repellent carbon powder (Denka Black, manufactured by Denki Kagaku Kogyo Kabushiki 
Kaisha) was prepared into an ink using butanol, and this was screen-printed on a carbon paper 
(TGP-H-120, manufactured by Toray Industries, Inc., film thickness of 360 jim). After this was 

15 dried, a catalyst carrying carbon powder 106 was prepared into an ink by using a solution dispersing 
a polyfluorocarbon type polymer electrolyte with pendant -S0 3 H group (FSS-i, manufactured by 
Asahi Glass Co., Ltd.) and butanol, and this ink was applied onto the above carbon paper 108 coated 
with the above water repellent carbon powder 107 by the screen printing process, thereby producing 
electrodes. 

20 [00214] By using the electrodes thus produced, a membrane electrode assembly was prepared and 
a unit cell as shown in FIG. 1 1 was configured in the same manner as in Example 14. The cell 
voltage when a current of 700 mA/cm 2 was applied is shown in Table 5. Table 5 also shows the 
characteristics of the cells with the electrode A' and the electrode B' prepared in Example 14 above. 
[00215] Table 5 





Cell voltage 
(mV) 


Example 15 


710 


Electrode A' 


690 


Electrode B' 


620 



25 

[00216] From Table 5, it is found that, by using the electrodes with the electrode catalyst layer 
disposed on the polymer electrolyte membrane side and the water repellent carbon particles disposed 
on the gas diffusion layer side, as employed in Example 15, the equal characteristics can be obtained 
as the one using the carbon powder treated with a silane coupling agent in Example 14. From this, it 
30 is found that a cell with further excellent characteristics can be configured by using electrodes with 
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an electrode catalyst layer disposed on the polymer electrolyte membrane side and a water repellent 
carbon particles on the gas diffusion layer side. 
Example 16 

[00217] Next, the case in which the catalyst carrying carbon powder was treated with a silane 
5 coupling agent was described referring to FIG. 19. By using the platinum carrying carbon powder 
used in Example 14 and ClS02-(CH 2 )n-(CF2) m -SiCl3 (n and m are integers of 10 to 25) having a 
hydrocarbon chain and a fluorocarbon chain in the main chain and having sulfonic acid group at the 
end in place of the silane coupling agent used in Example 14, a monomolecular film 1 10 having 
sulfonic acid group on the respective surfaces of platinum particles 109 and carbon particles 101 
10 was formed. This monomolecular layer is hydrophilic because of having sulfonic acid group at the 
end. Also, the silane coupling agent is not restricted to the silane base surfactant as described in the 
example as long as it contains a hydrophilic portion. 

[00218] By mixing the platinum carrying carbon powder thus subjected to hydrophilic treatment 
and the water repellent powder treated with the silane coupling agent used in Example 14, electrodes 
15 were prepared in the same manner as in Example 14 and a unit cell as shown in FIG. 1 1 was 
produced by using the same. 

[00219] When the characteristics of the cell were evaluated under the same conditions as in 
Example 14, the voltage at the current density of 700 mA/cm 2 was 720 mV. This is a higher 
characteristic than the cell prepared in Example 14, and the reason for this is considered that wet 

20 property around the three phase zone was improved by subjecting the catalyst fine particle carrying 
carbon powder to water repellency treatment with the silane coupling agent. 
[00220] In the present invention, a chlorosilane type surfactant having sulfonic acid group was 
used as the silane coupling agent, however any type of agents, as long as they have a hydrophilic 
portion, for example those having carboxyl group and the like, can be used. Also, in this case, both 

25 of the catalyst fine particles and the carbon particles were treated, however only one of them may be 
treated as long as they are applicable in the present invention. Further, the carbon powder and the 
catalyst carrying carbon powder used are not restricted to the ones used in this example as long as 
they are applicable in the present invention. 
[00221] Industrial Applicability 

30 [00222] As apparent from the first embodiment of the present invention, in the fuel cell of the 
present invention, a higher cell performance can be achieved with the same platinum amount, and 
for obtaining an equal cell performance, the platinum amount used can be greatly reduced. 
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[00223] According to the second embodiment of the present invention, in the fuel cell of the 
present invention, a layer comprising electroconductive fine particles is disposed between the 
catalytic reaction layer and the gas diffusion layer, which decreases the contact resistance between 
the catalytic reaction layer and the gas diffusion layer, thereby improving the cell characteristics. 
5 Also, if the layer comprising electroconductive fine particles penetrates partially into the gas 
diffusion layer, the effect thereby is further improved. Further, since the catalytic reaction layer 
never penetrates into the gas diffusion layer, the amount used of the noble metal catalyst for use in 
the catalytic reaction layer can be reduced more than conventionally, and thus a cost reduction effect 
can be expected. Still further, if a carbon material comprising an electroconductive fine particle 

10 layer with PTFE adhered thereon is used, there is an advantage that the physical bonding property 
between the catalytic reaction layer and the gas diffusion layer is increased, which facilitates 
handling. Moreover, in this case, a secondary effect can be expected that since PTFE is introduced, 
a part of water generated in the air electrode can be taken into the electrolyte membrane and excess 
generated water can be discharged to the gas diffusion layer side. In this manner, since the 

15 electroconductive fine particle layer is disposed between the catalytic reaction layer and the gas 
diffusion layer in the fuel cell of the present invention, the fuel cell with higher performance than 
conventional ones can be configured. 

[00224] The electrodes for fuel cell according to the third embodiment of the present invention 
are characterized in that the surface of the catalyst particles or catalyst carrier has hydrogen ion 

20 diffusion function, and has a functional polymer adsorbed thereon. As a consequence, a 

monomolecular polymer electrolyte layer can be uniformly adsorbed on the catalyst metal surface or 
the carbon surface with catalyst carried thereon, and a hydrogen ion channel can be formed in the 
catalyst inside the micropores. As a result, the reaction surface area is enlarged, which permits 
realization of a polymer electrolyte fuel cell exhibiting a higher discharge performance. 

25 [00225] Also, the hydrophilicity of this polymer layer can be increased by making a si lane 

compound have a hydrocarbon chain, and thus the electrodes can maintain a certain water retention 
capacity and high performance can be obtained even when the fuel cell is operated at a low current 
density and little water generates, or the fuel cell is operated in a low-humidified air. 
[00226] Further, the water repellency of the polymer layer can be increased by making it have a 

30 fluorocarbon chain, and the gas diffusion ability of the electrodes can be improved and a high 

performance can be obtained even when the fuel cell is operated at a high current density and a large 
quantity of water generates, or when the fuel cell is operated in high-humidified air. 
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[00227] Still further, there is an advantage that, since the reaction surface area is enlarged, the 
amount used of the noble metal catalyst for use in the electrode catalyst layer can be reduced more 
than conventional ones, and thus a cost reduction effect can be expected. 
[00228] Moreover, the electrodes of the present invention are characterized in that functional 
5 polymer having hydrogen ion diffusion function is adsorbed on the surface of the catalyst particles 
or the catalyst carrier. This functional polymer functions as a polymer electrolyte layer. A silane 
compound having basic functional group is used to form this, and a monomolecular layer is formed 
as the functional polymer. In this manner, by modifying the catalyst surface with the functional 
polymer having hydrogen ion surface diffusion function, a minute polymer electrolyte layer is 

10 formed close to the catalyst, and efficient hydrogen ion channel and a gas channel are formed. As a 
result, a polymer electrolyte fuel cell exhibiting a high discharge performance can be realized. 
[00229] Furthermore, by utilizing highly efficient hydrogen ion exchange ability, the noble metal 
catalyst amount used for the catalytic reaction layer can be reduced without deteriorating the 
discharge characteristics, and thereby a cost reduction is made possible. 

15 [00230] Still further, by selecting the skeleton structure of the silane compound modifying the 
surface, wet property of the electrodes can be controlled. As a consequence, the electrode catalyst 
that is the most suitable for the operation conditions of the fuel cell can be prepared. 
[00231] As apparent from the fourth embodiment of the present invention, in the fuel cell 
according to the present invention, since the catalytic reaction layer is constituted by a polymer 

20 electrolyte, hydrophilic catalyst carrying carbon particles and water repellent carbon particles, 

appropriate moisture condition is maintained by the hydrophilic catalyst carrying carbon particles 
around the three-phase zone where the electrode reaction occurs, and water generated in excess is 
promptly discharged by the adjacent water repellent carbon. 

[00232] Also, when the hydrophilic catalyst carrying carbon particles are disposed on the 
25 polymer electrolyte membrane side and the water repellent carbon particles are disposed on the gas 
diffusion layer side, the polymer electrolyte membrane side is under highly humidified atmosphere, 
which improves ion conductivity of the polymer electrolyte membrane to improve the cell 
characteristics. 

[00233] Further, in the fuel cell of the present invention, on the carbon particle surface, a 
30 hydrolyzable group of the silane coupling agent having a hydrophobic portion is hydrolyzed by 

water in the solution or in the air or water adsorbed on the carbon surface, and it is converted into an 
active silanol group (= Si OH) and reacts with functional group on the carbon surface to form a 
strong bond. As a consequence, a microscopic water repellent monomolecular layer of several nm 
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to several tens of nm is formed. When the above water repellent carbon particles are used, even if 
the electrodes are configured in mixing with hydrophilic catalyst carrying carbon particles, there 
occurs no inhibition of the reaction gas supply due to the catalyst fine particles in the electrodes 
being coated, which is the case in which PTFE dispersion particles of submicron order are used. 
5 [00234] Still further, in the fuel cell of the present invention, on the catalyst particle surface or the 
catalyst carrying carbon particle surface, hydrolyzable group of the silane coupling agent is 
hydrolyzed, in the same manner as above, by water in the solution or in the air or water adsorbed on 
the carbon surface, and it is converted into active silanol group (= Si OH) and reacts with functional 
group on the carbon surface to form a strong bond. By making this silane coupling agent have a 

10 hydrophilic group such as sulfonic acid group, carboxyl group or the like, the catalyst surface is 
rendered hydrophilic, and thereby moisture condition around the three-phase zone is maintained. 
[00235] As described above, by using the electrodes according to the fourth embodiment of the 
present invention, appropriate moisture condition around the three-phase zone where the electrode 
reaction occurs is maintained, and excess generated water is promptly discharged by the adjacent 

15 water repellent carbon, therefore a polymer electrolyte fuel cell exhibiting higher performance than 
conventional ones can be configured. 

[00236] It will be appreciated by those skilled in the art that changes could be made to the 
embodiments described above without departing from the broad inventive concept thereof. It is 
understood, therefore, that this invention is not limited to the particular embodiments disclosed, but 
20 it is intended to cover modifications within the spirit and scope of the present invention as defined 
by the appended claims. 
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